INTRODUCTION
Peg3 was the first-imprinted gene identified from the 500 kb domain located on the human chromosome 19q13.4/proximal mouse chromosome 7. Since the discovery of the paternally expressed Peg3, six additional imprinted genes have been identified: three paternally expressed genes (Usp29, Zfp264, APeg3) and three maternally expressed genes (Zim1, Zim2, Zim3) (1,2). Most of these imprinted genes are predicted to be DNA-binding transcription factors based on the presence of zinc finger motifs within their open reading frames. The presence of these imprinted genes was also predicted based on earlier mouse genetic studies involving uniparental disomy. Maternal duplication (paternal deficiency) of proximal mouse chromosome 7 causes neonatal lethality, whereas paternal duplication (maternal deficiency) of the same interval results in reduced growth rates and viability (3) . The human PEG3 region is also associated with several types of cancer. In particular, human PEG3 expression is often missing in many cases of glioma, breast and ovarian cancer patients, which are usually caused by complete DNA methylation of the promoter region of PEG3 (4, 5, 6) .
Mouse knockout (KO) experiments have identified small genomic regions as imprinting control regions (ICRs), including the ICRs of H19/Igf2, Kcnq1, Igf2r, Gnas, Gtl2/Dlk1 and Snrpn (7 -10) . According to these studies, ICRs have three main features. First, ICRs control mono-allelic expression (imprinting) and transcription of their associated imprinted genes in somatic cells. Thus, deletion of these ICRs usually has global effects on the imprinting and transcription of their associated genes. Secondly, imprinted genes are usually associated with CpG-rich regions displaying allele-specific DNA methylation patterns, hence designated differentially methylated regions (DMRs). Only a few DMRs, however, obtain DNA methylation as a parental mark during gametogenesis, and these are thus termed germline DMRs. Interestingly, all the known ICRs are germline DMRs. Thirdly, some of ICRs tend to show tandem repeat sequence structures, and these tandem repeats often contain DNA-binding sites for specific transcription factors, such as CTCF and YY1 (11) . A series of subsequent studies have confirmed that these transcription factors play very critical roles in many aspects of imprinting and transcriptional control for the associated imprinted genes (11, 12) .
The clustering of the seven imprinted genes in the Peg3 domain has been a strong indication that the imprinting of this domain is also regulated through unknown ICRs. DNA methylation analyses have identified three DMRs within this domain, including the DMRs of Peg3, Zim2 and Zim3, but the Peg3-DMR is the only germline DMR obtaining DNA methylation during oogenesis (4, 13, 14) . Also, the Peg3-DMR displays an unusual tandem repeat structure, and the core sequence of these repeats is a binding site for YY1 (15) (16) (17) . These data suggest that the Peg3-DMR is likely an ICR for this imprinted domain. To test this prediction, we have generated one mutant allele in mice lacking the Peg3-DMR. According to the results from the mutant allele studies, deletion of the Peg3-DMR causes global changes in the imprinting and transcription of the Peg3 domain. The mutant mice also displayed gross-level phenotypes, changes in body weight as well as partial embryonic lethality. These data confirm that the Peg3-DMR is indeed an ICR for this domain.
RESULTS

Generation of a KO allele
To target the Peg3-DMR, we used a KO vector, pTNT (18) , which contains positive (neomycin resistance gene) and negative (HSV-thymidine kinase gene) selection markers. The two genomic fragments flanking the 2.5 kb YY1-binding region within the 4 kb Peg3-DMR have been subcloned into the pTNT vector as 'homologous hooks'. These two fragments include a 3.0 kb genomic fragment surrounding the first exon of Peg3 and another 8.9 kb fragment surrounding the second and third exons of Peg3. The constructed vector ( Fig. 1) has been used for ES cell transfection. One targeted ES cell was obtained through screening 2000 clones with southern blot and long-distance polymerase chain reaction (PCR) analyses (Fig. 1B) . After careful analyses of the identified targeted ES cell, this targeted ES cell was microinjected into the blastocysts of e3.5 embryos from C57BL/6J (B6) mice to produce chimera mice. The obtained male chimeras were bred with female B6 mice to produce F1 mice with germline transmission of the KO allele. The F1 mice with the germline transmission were further bred with transgenic lines expressing germline Cre recombinase (Zp3-cre) to remove the NeoR sequence. Proper deletion of the NeoR sequence was confirmed through long-distance PCR and also through sequencing (data not shown). The mice with confirmed deletion of NeoR have been used for the experiments described in the following section.
Deletion effects on the survival and birth weight of the mouse
We first performed breeding experiments to analyze the effects of the deletion at the organismal level. We set up three 
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Human Molecular Genetics, 2012, Vol. 21, No. 12 different breeding schemes to test the deletion effects on the mouse: Scheme I, female wild-type littermates × male heterozygotes (+/2) for the paternal transmission of the KO allele; Scheme II, female heterozygotes (+/2) × male wild-type littermates for the maternal transmission of the KO allele; and Scheme III, female and male heterozygotes (+/2) to test the derivation of the homozygotes. The pups derived from these breedings were genotyped, and their body weights were measured and converted into percentile scores as an indicator of their health status (Fig. 2) . The results from these breeding experiments are as follows. Paternal transmission of the KO allele has two major effects: partial embryonic lethality and reduced body weight ( Fig. 2A) . The average litter size of this breeding was 6.3 mice in the 129/B6-mixed background, which is smaller than the normal litter size ( 10) of the same genetic background. Also, the ratio of the heterozygotes to wild-type littermates was 0.52 to 1, significantly deviated from the expected Mendelian ratio of 1 to 1. These results suggest that some of the heterozygotes have died during the gestation period. Also, the majority of the heterozygotes tend to show a much smaller body weight than their littermates ( Figs 1D and 2A ). This was also much more pronounced in male than in female heterozygotes (Supplementary Material, Fig. S4 ). This smaller body weight ( 80% of the wild-type littermates; t-test, P ¼ 0.0049) was maintained throughout the developmental stage, even past the weaning to the adult stages. To further follow up the observed partial embryonic lethality, we performed a set of timed mating experiments. We obtained three litters of conceptuses, the first litter at 9.5 dpc (nine conceptuses) and the second and third litters at 14.5 dpc (seven and six conceptuses, respectively). Out of the nine conceptuses at the 9.5 dpc set, one embryo was already in the process of resorption and the other one was very small with apparent neurulation defects. Three out of the seven embryos successfully genotyped were heterozygotes. The harvested embryos and placentas from the second and third litters were overall normal in terms of morphology and size, although we did observe two conceptuses in the second litter going through the resorption process. Three and one embryos were heterozygotes among the second and third sets, respectively. Thus, the overall ratio of the heterozygotes to wild-type embryos is 4 to 9, which is significantly deviated from the expected Mendelian ratio of 1 to 1. This suggests that the embryonic lethality may occur around or right after 9.5 dpc. In contrast, maternal transmission of the KO allele did not cause any significant effect on the survival and body weight of the 1-day-old pups derived from the second breeding scheme (Fig. 2B ). The litter size (9.7) was comparable to the average litter size (10) of the 129/B6-mixed background. The ratio of the heterozygotes to wild-type littermates was 0.9 to 1, which is also close to the expected ratio of Mendelian inheritance. However, the majority of the heterozygotes from this breeding were an average of 7% heavier than their wildtype littermates at weaning age (based on the results derived from 5 litters representing 30 mice; t-test, P ¼ 0.0008) (Supplementary Material, Fig. S5 ). This boosted weight was diminished when the mice reached 2 months of age. This observed boost in growth rate was unexpected since the maternal allele of the Peg3-DMR is normally repressed and non-functional due to DNA methylation. We believe that this unexpected outcome is likely an outcome of some changes in the Peg3 domain that are caused by the deletion of the Peg3-DMR. On the other hand, Breeding Scheme III did not yield any homozygote (wild-types:heterozygotes:homozygotes ¼ 9:16:0) with a slightly smaller litter size (8.3), suggesting potential lethality during the gestation period. These data further suggest that at least one allele, either paternal or maternal, of the Peg3-DMR is required for the survival of the mouse. In sum, the breeding experiments so far indicate that paternal transmission of the KO allele results in partial embryonic lethality and reduced body weight of the mouse, and that the maternal transmission results in slightly increased body weight of the mouse.
Deletion effects on the imprinting status
We analyzed the effects of deleting the 2.5 kb YY1-binding region within the Peg3-DMR on the imprinting status of the Peg3 domain (Fig. 3 ). For this series of analyses, we generated two sets of F1 hybrids by breeding the 129/B6-mixed KO line with the PWD/PhJ strain. The first F1 set was derived from the crossing of female heterozygotes (+/2) with male PWD for the maternal transmission of the KO allele (129 × PWD), whereas the second set was obtained from the crossing of female PWD with male heterozygotes (+/2) for the paternal transmission (PWD × 129). For the imprinting tests, we have selected neonatal brains as the main tissue to analyze since the majority of the genes in this domain are known to be expressed in this tissue (19 -21) . The total RNA isolated from two littermates, KO (2 M /+ or +/2 P ) and wild-type (WT) (+/+), were reverse-transcribed and the subsequent cDNAs were amplified with PCR. To differentiate the two In the case of APeg3, total RNA from the littermates (KO and WT) of the PWD × 129 cross was analyzed with a strand-specific RT-PCR scheme (B). Two reactions for each RNA sample, RT(2) and RT(+) indicating without and with reverse transcriptase, respectively, were included to monitor genomic DNA contamination. We placed rectangles on the gene, the imprinting status of which was shown to be affected by the deletion of the Peg3-DMR.
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Human Molecular Genetics, 2012, Vol. 21, No. 12 alleles for the imprinting tests, we identified several sequence polymorphisms between the 129 and PWD strains for each gene, but used only the informative polymorphisms that can be visualized by restriction enzyme digestion for the actual imprinting tests. The information regarding the polymorphism -restriction enzyme pair used for each gene is available (Supplementary Material, Table S1 ). Consistent with previous studies, the majority of the genes in the Peg3 domain except Zim3 are properly imprinted in the neonatal brains of the two F1 hybrids with an intact Peg3-DMR: the paternal expression of Zfp264, Peg3, Usp29 and APeg3, and the maternal expression of Zim1 and Zim2 (WT lanes in Fig. 3A and B) . As seen for other ICRs, the deletion of the Peg3-DMR caused changes in the imprinting status of two neighboring genes, Zfp264 and Zim2 (KO lanes). The maternal transmission of the KO allele led to a switch of the dominant allele for Zfp264, from paternal to maternal (KO lane in 129 × PWD). In contrast, the paternal transmission of the KO allele resulted in bi-allelic expression of the normally maternally expressed Zim2 (KO lane in PWD × 129). This series of imprinting tests were repeated using another set of neonatal littermates, which again yielded consistent results as shown in Figure 3A and B. We also repeated a similar series of imprinting tests using 14.5 dpc embryos (Fig. 3C) . The expression levels of Zfp264, Zim3 and Zim2 were very marginal, and thus the imprinting status of these genes could not be determined. In contrast, the expression levels of Usp29, Peg3 and Zim1 were readily detectible, and thus the imprinting status of these genes was determine and compared between the two types of embryos: KO (+/2 P ) and WT (+/+). As seen in neonatal brains, the paternal transmission of the KO allele did not change the imprinting status of these three genes. We also performed a series of imprinting tests using adult testes (data not shown), but we were not able to derive any conclusions relevant to genomic imprinting since adult testes are made of two types of cells, somatic and germ cells. Overall, the deletion of the Peg3-DMR causes changes in the imprinting status of Zfp264 and Zim2 in neonatal brains.
Deletion effects on the DNA methylation
We also analyzed the deletion effects of the 2.5 kb YY1-binding region within the Peg3-DMR on the DNA methylation levels of the Peg3 domain (Fig. 4) . For this series of analyses, we isolated DNA from sperm, oocyte and one somatic tissue-type, neonatal tails. The isolated DNA Human
was treated according to the bisulfite conversion protocol, and the modified DNA was used for PCR amplification. The amplified PCR products were further analyzed with COBRA and individual sequencing. For the analyses of the two germ cells, we used three primer sets targeting the promoter region of Peg3 (primer set A), the first intron region harboring two YY1-binding sites (primer set B), and the first intron region with the KO deletion (primer set C). The results from this analysis are as follows. First, the three PCR products of primer sets A, B or C, all are similarly unmethylated in both KO and WT samples of sperm DNA (Fig. 4B) , indicating no major effects on the DNA methylation levels of the Peg3-DMR. Secondly, the DNA isolated from mature oocytes also derived a similar result, displaying no major effects caused by the deletion of the Peg3-DMR (Fig. 4C) . The PCR product of primer set B representing the first intron region of Peg3 was completely methylated in the WT, and this result was the same for the PCR product of primer set C representing the deleted region in KO. However, the PCR product of primer set A representing the promoter region was not methylated in both WT and KO oocytes. These data suggest that the promoter region of Peg3 may be unmethylated during oogenesis. Thirdly, the DNA isolated from one somatic tissue, tails, showed no major difference between KO and WT (Fig. 4D) . We used the DNA isolated from the same set of F1 individual mice that were used for the imprinting tests (Fig. 3) , which further allowed us to analyze DNA methylation in an allele-specific manner. In this analysis, we also included another two regions, the Zim3-DMR and Zim2-DMR. As shown in Figure 4D , both sets of DNA show similar levels of DNA methylation between KO and WT, indicating that both the paternal and maternal transmission of the KO allele do not have any major impact on the DNA methylation levels of the three DMRs. In sum, the deletion of the Peg3-DMR does not have any major impact on the DNA methylation levels of the Peg3 domain during gametogenesis or in somatic tissues.
Deletion effects on the transcriptional levels
We analyzed the deletion effects of the 2.5 kb YY1-binding region within the Peg3-DMR on the transcriptional levels of the Peg3 domain. For this series of analyses, we isolated total RNA from the neonatal brains and adult testes of the following genotypes: KO (+/2 P or 2 M /+) and WT (+/+) littermates from the paternal or maternal transmission of the KO allele. Total RNA from these mice was first reversetranscribed and the resulting cDNA was analyzed with qRT -PCR. The results from one representative set out of the three tested sets with the paternal transmission are presented in Figure 5 . First, in neonatal brain (Fig. 5A) , the deletion of the Peg3-DMR caused a global effect on the transcriptional levels of most of the genes in the Peg3 domain. Zim3 was not included in this analysis since it is expressed only in testis. Among the five genes tested, Peg3 was the only gene showing down-regulation (4-fold decrease) in its transcriptional level. The down-regulation of Peg3 was also confirmed through western blotting (Fig. 1C) . The remaining four genes all showed up-regulation with varying levels. In particular, the two maternally expressed genes in the Peg3 domain, Zim1 and Zim2, both displayed up-regulation in KO mice. It is important to point out the 
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Human Molecular Genetics, 2012, Vol. 21, No. 12 observed up-regulation of Zim1 (4-fold increase) since Zim1 usually displays the highest levels of expression among all the genes in the Peg3 domain in embryonic and neonatal stages. We also observed up-regulation of Usp29 and Zfp264, but the up-regulation observed from Zfp264 was not statistically significant. The two other remaining sets also derived similar conclusions as described above. The same series of qRT -PCR was also repeated using the total RNA from the neonatal brain set with the maternal transmission of the KO allele, but we did not observe any significant difference between KO and WT (Supplementary Material, Fig. S2 ). Secondly, in adult testes (Fig. 5B) , the deletion of the Peg3-DMR also caused down-regulation of two genes, Peg3 and Zim2, but the levels of the observed down-regulation were not that dramatic as shown in the neonatal brain in the case of Peg3. The three other genes, Usp29, Zim3 and Zfp264, showed no statistically significant difference between KO and WT. The expression levels of Zim1 are very low in adult testes, and thus Zim1 was not included in this series of analyses. In the case of the adult testis set with the maternal transmission, we did not also observe any major difference between KO and WT (Supplementary Material, Fig. S3 ). We repeated this series of experiments using another set of adult testes with both paternal and maternal transmission, and the overall conclusions were consistent with those from the first set. In sum, the deletion of the Peg3-DMR caused a global impact on the transcriptional levels of the Peg3 domain when the KO allele was paternally transmitted. In particular, the two adjacent genes, Peg3 and Zim1, are the most significantly affected by the deletion of the Peg3-DMR.
DISCUSSION
In the current study, one mutant allele lacking the 2.5 kb YY1-binding region of the Peg3-DMR has been generated to test whether this region is an ICR for the Peg3 domain. According to the results from the mutant allele, the deletion of the Peg3-DMR caused a global impact on the imprinting and transcription of the Peg3 domain, including changes in the imprinting status of Zim2 and Zfp264 and also in the transcriptional levels of the Peg3 domain. However, the DNA methylation of the Peg3 domain was largely unaffected, suggesting no major effect of the deletion of the Peg3-DMR. The mutant mice also displayed gross-level phenotypes, changes in body weight as well as partial embryonic lethality. Overall, these results confirm that the Peg3-DMR is indeed an ICR responsible for the imprinting and transcription of this 500 kb genomic region. As predicted, the deletion of the Peg3-DMR resulted in several changes in the imprinting and transcription of the Peg3 domain (Fig. 6) . The paternal transmission of the KO allele in neonatal brain caused down-regulation of Peg3, and also bi-allelic expression of the maternally expressed Zim2 (Fig. 6B) . First, the observed down-regulation of Peg3 may be an indication that the deleted region, 2.5 kb genomic region (Fig. 1A) , may harbor unknown enhancers for the transcription of Peg3. According to the results from previous in vitro studies, this 2.5 kb genomic region contains two evolutionarily conserved sequence elements, CSE1 and CSE2 (15) , and CSE2 (the YY1-binding site) has been shown to function as a transcriptional enhancer for Peg3 (22) . Thus, the down-regulation of Peg3 may reflect the loss of several YY1-binding sites with transcriptional enhancer activity. Secondly, the bi-allelic expression of the maternally expressed Zim2 is likely linked to the down-regulation of the paternally expressed Peg3. According to previous studies, several genes in this domain, including Peg3, Zim2 and Zfp264, display very similar spatial expression patterns (19) , implying that these genes may share unknown enhancers for their expression. If this is the case, Peg3 and Zim2 might compete in cis for these unknown enhancers such that the downregulation of the transcriptionally dominant Peg3 might allow the expression of Zim2 in the paternal allele, resulting in the bi-allelic expression of Zim2. Similar outcomes have been observed in the mutational studies of other imprinted domains, including H19/Igf2 and Gtl2/Dlk1 (7, 8) . Taken together, the results described above suggest the presence of transcriptional enhancers for Peg3 within the deleted region, and also a potential linkage between the imprinting regulation of Peg3 and Zim2.
A pair of two adjacent genes with opposite imprinting is quite common in imprinted domains, and the imprinting and transcription of each pair tend to be linked and co-regulated (7, 8) . The Peg3/Zim2 pair could be one such example based on the results described above. The paternal transmission of the KO allele in neonatal brains also caused up-and downregulation of another pair of adjacent genes, Zim1 and Peg3 (Fig. 6B) , suggesting a potential regulatory linkage of these two genes. In the case of Zim1, however, the observed up-regulation was still derived from the maternal allele without any contribution from the paternal allele, indicating that the imprinting of Zim1 is not affected by the deletion of the Peg3-DMR. This unexpected outcome is somewhat consistent with the evolutionary history associated with Zim1. Zim1 is found only in a few mammalian species, such as rodents and rabbits, but not in the remaining mammalian species, suggesting the recent formation of Zim1 in these species during evolution (23; Frey et al., unpublished data). Thus, the imprinting mechanisms governing the entire Peg3 domain might have predated the formation of Zim1, and might be independent of the imprinting mechanism of Zim1. This fact might be the reason why the deletion of the Peg3-DMR does not have any impact on the imprinting status of Zim1. If that is the case, then why do the mutant mice still display the coordinated up-and down-regulation of Zim1 and Peg3 although the transcription of these two genes occur from two separate chromosomes, Zim1 on the maternal and Peg3 on the paternal chromosome? One possible scenario would be that Peg3 controls the transcriptional rate of Zim1 as a trans factor. This function is feasible since Peg3 encodes a potential DNA-binding protein with 12 zinc finger motifs (M.M. Thiaville et al., unpublished data). In this case, the down-regulation of Peg3 might produce a reduced amount of the PEG3 protein, which could have a consequence on the transcriptional levels of Zim1 as a potential repressor. If this turns out to be true, the Peg3/Zim1 pair represents a very unusual case in genomic imprinting since Peg3 might interact with its neighbor gene Zim1 through its gene product, a DNA-binding protein, but not through a genetic linkage.
Compared with the paternal transmission, the maternal transmission of the KO allele has a relatively mild impact on the transcription and imprinting of the Peg3 domain (Fig. 6C) . According to the results from a series of qRT -PCR, the expression levels of the genes in this domain are mostly unaffected by the deletion of the Peg3-DMR. This observation agrees with the fact that the maternal allele of the Peg3-DMR is usually methylated and thus non-functional. Interestingly, however, the maternal transmission of the KO allele caused a switch in the dominant allele for Zfp264, from the paternal to maternal allele. One possible explanation would be that the maternal allele of the Peg3-DMR might be functional during some unknown stages of development. Thus, the observed change in Zfp264 might reflect an outcome of a chain of events that have been triggered by the deletion of the Peg3-DMR. This idea is further supported by the results derived from our breeding experiments. The homozygotes for the deletion of the Peg3-DMR are not viable, although the homozygotes should be equivalent to the heterozygotes with the paternal transmission of the KO allele if the maternal allele of the Peg3-DMR is truly non-functional. The observed lethality of the homozygotes suggests that the maternal allele of the Peg3-DMR might be functionally required during some stages of development or in certain types of cells. Overall, although we need to first follow up this possibility, these results suggest that the maternal allele of the Peg3-DMR may be required for the imprinting regulation of the Peg3 domain.
According to the results from DNA methylation analyses (Fig. 4) , the deletion has almost no impact on the Peg3 domain. This is somewhat surprising given the fact that similar KO experiments tend to disrupt the allele-specific DNA methylation pattern of other ICRs (7, 8) . Although speculative, this might be related to the fact that the current KO scheme deletes only part of the entire DMR, the 2.5 kb first intron region of Peg3, which contains two conserved elements, CSE1 and CSE2 (YY1-binding sites). In fact, the entire Peg3-DMR spans a 4 kb region harboring the first exons of Peg3 and Usp29 as well as the two CSEs in the first intron of Peg3 (Fig. 1A) . In retrospect, an ideal KO scheme should have been deleting the entire 4 kb region. At the beginning, however, this scheme was regarded as a risky approach since this scheme would not only delete potential regulatory elements for imprinting but also inactivate the transcription of both Peg3 and Usp29. Thus, a next logical step for further characterizing this ICR should be generating conditional KO alleles that can delete the entire Peg3-DMR, which we plan to perform in the near future.
Besides the changes described above, the paternal transmission of the KO allele caused gross-level phenotypes: partial embryonic lethality and reduced body weight of the mouse. The major contributors to these observed phenotypes are Peg3 and Zim1 since these two genes are changed the most in the mutant mice (Fig. 5) . According to the results from another KO allele targeting Peg3 (24) (25) (26) , the mutant mice also exhibit smaller body size than their wild-type littermates, but this mutant model does not display partial embryonic lethality. It is relevant to note that the expression levels of Zim1 are very high during embryonic stages and also in the placenta (27) . Thus, it is possible that the partial embryonic lethality might be contributed by the up-regulation of Zim1. However, we have also observed slightly increased body weight of the mouse in the maternal transmission of the KO allele. It is difficult to explain this phenotype at the moment since none of the imprinted genes appears to be significantly affected by the maternal transmission of the KO allele at their transcriptional levels. However, one possible scenario might be de-repression of the Peg3-DMR in a small subset of cells either in the brain or during early embryogenesis, which is triggered by the deletion. If this turns out to be the case, then this supports an idea that the deleted region may be required for the maintenance of the repressed state of the Peg3-DMR. It will be of great interest to investigate this possibility in the near future.
MATERIALS AND METHODS
Generation of a KO allele
The Peg3-DMR has been targeted using a KO vector, pTNT (18) , which contains positive (neomycin resistance gene) and negative (HSV-thymidine kinase gene) selection markers. The two genomic fragments flanking the 2.5 kb YY1-binding region of the Peg3-DMR have been subcloned into the pTNT vector as 'homologous hooks'. A 3.0 kb genomic fragment surrounding the first exon of Peg3 has been subcloned into the NotI site of this vector; another 8.9 kb fragment surrounding the second and third exons of Peg3 was subcloned into the HindIII site of the same vector. These two DNA fragments were amplified from one mouse bacterial artificial chromosome clone (RPCI23-588F20) of the 129/SvJ origin using the following two primer sets: Peg3-KO-51 (5 ′ -ttgcggccgcACGGTGG TCACATTCTTCCATGAG-3 ′ ) and Peg3-KO-52 (5 ′ -ttgcggc cgcACAGTGCCGCGCTTAGCGGTAGATG-3 ′ ) for the 3.0 kb genomic fragment, and Peg3-KO-53 (5 ′ -ttaagcttGGTG TCTGAATTTTTCACTGTGGA-3 ′ ) and Peg3-KO-54 (5 ′ -ttaag CTTGAAACTCTCCAACGGAGTGGTGA-3 ′ ) for the 8.9 kb genomic fragment. The constructed vector was first linearized with SalI digestion, and subsequently transfected into the AB2.2 ES cell line of the 129/SvJ origin (http://www.bcm. edu/dtmc/, Darwin Transgenic Mouse Core facility of Baylor College of Medicine). ES cells were first screened with a longdistance PCR scheme using the following primer set: Peg3-KO-59 (5 ′ -GCATCTGCTGTTACGGGGATTGTTG A-3 ′ ) and Peg3-KO-61 (5 ′ -CTCCAGTCACCTATGTGTGGA TGT-3 ′ ). Later, potential targeted clones were further analyzed with Southern blot using the two genomic fragments as probes. These two genomic fragments were amplified using the following two primer sets: Peg3-KO-57 (5 ′ -CAGGAAGACACCCT GATACAG-3 ′ ) and Peg3-KO-58 (5 ′ -GATATCCTACTCACT ATATCC-3 ′ ) for the 5 ′ -side probe, and Peg3-KO-63 (5 ′ -ACC TTCCACTAGATTTCACCTCCT-3 ′ ) and Peg3-KO-64 (5 ′ -CA CTGCCAAAAGCATGAGATGGTC-3 ′ ) for the 3 ′ -side probe. One targeted ES cell was microinjected into the blastocysts of e3.5-embryos of the C57BL/6J (B6) mouse. Twenty chimeras with varying degrees of coat color contribution were obtained, and 5 of these chimeras were bred with 10 B6 females, finally deriving 17 F1 mice with the germline transmission of the KO allele. Some of these F1 mice were further bred with one Zp3-cre line to remove the NeoR sequence (Jackson Lab; Stock No. 003651; Strain name, C57BL/6-Tg(Zp3-cre) 93Knw/J).
Breeding experiments
Three different breeding schemes were set up to test the deletion effects on the mouse: Scheme I, female wild-type littermates × male heterozygotes (+/2) for the paternal transmission of the KO allele; Scheme II, female heterozygotes (+/2) × male wild-type littermates for the maternal transmission of the KO allele; and Scheme III, female × male heterozygotes (+/2) to test the derivation of the homozygotes. One-day-old pups derived from these breeding were genotyped using the following primer set: Peg3-6R (5 ′ -CTT AGGGTCTTAGGGCTTTAGGT-3 ′ ) and Peg3-KO-61 (5 ′ -CT CCAGTCACCTATGTGTGGATGT-3 ′ ). The genders of these pups were determined using the following primer set: mSry-F (5-GTCCCGTGGTGAGAGGCACAAG-3) and mSry-R (5-G CAGCTCTACTCCAGTCTTGCC-3). The body weights of the pubs were also measured as an indicator for their health status. For genotyping and gender determination, genomic DNA was isolated from either clipped tails or ears by incubating the tissues overnight at 558C in the lysis buffer (0.1 M Tris-Cl, pH 8.8, 5 mM ethylenediaminetetraacetic acid pH 8.0, 0.2% sodium dodecyl sulfate 0.2 M NaCl, 20 mg/ml Proteinase K).
Imprinting tests
For imprinting tests, male and female heterozygotes (+/2) were bred individually with female and male mice of the PWD/PhJ strain (Jackson Lab, Stock No. 004660). Oneday-old F1 pups from these crosses were sacrificed and used for isolating total RNA. The isolated RNA was reversetranscribed using the SuperScript III First-Strand Synthesis System (Invitrogen), and the resulting cDNA was used as a template for the amplification of each imprinted gene using the Maxime PCR premix kit (Intron Biotech). Hybrid embryos at 14.5 dpc harvested from timed mating were also used for imprinting tests. A separate table is available for all the detailed information regarding the primer sets and conditions for the amplification of each imprinted gene as well as the restriction enzyme that has been used to visualize a RFLP for each imprinted gene (Supplementary Material, Table S1 ).
DNA methylation analysis
DNA methylation levels of each DMR were analyzed using genomic DNA isolated from the tissues of the F1 mice as well as two germ cells, sperm and oocyte. Detailed protocols for isolating sperm and oocyte were described previously (28) . Briefly, the sperm was isolated from the epididymus of 2-moth-old mice using the 'swim-up' method (29). Mature oocytes were isolated from 2-month-old females after superovulation with PMS and hCG treatment (30, 31) . The isolated DNA was treated with the bisulfite conversion reaction according to the manufacturer's protocol (EZ DNA methylation kit, Zymo Research). The converted DNA was used as a template for the PCR reaction using specific primers that were designed for amplifying each DMR. Each PCR product was further analyzed using the following two approaches: (i) the restriction enzyme digestion-based COBRA (32) and (ii) subcloning and sequencing. For the COBRA analysis, each PCR product was digested with a series of restriction enzymes. The PCR product was also individually subcloned into the pGEM T-Easy vector (Promega), and 10-20 clones were subsequently sequenced to survey its DNA methylation levels at each locus. The detailed information regarding oligonucleotide sequences, sequence polymorphisms and COBRA is also available (Supplementary Material, Table S1 ).
Quantitative RT -PCR analyses
Total RNA was isolated from the tissues of neonates and adults using a commercial kit (Trizol, Invitrogen). As described earlier, the isolated RNA was first reversetranscribed using the SuperScript III First-Strand Synthesis System (Invitrogen), and the subsequent cDNAs were used as a template for quantitative real-time PCR. This analysis was performed with the iQ SYBR green supermix (Bio-Rad) using the iCycler iQTM multicolor real-time detection system (Bio-Rad). All qRT -PCR reactions were carried out for 40 cycles under standard PCR conditions. The analyses of the results derived from qRT -PCR were described previously (33) . The information regarding individual primer sequences and PCR conditions is also available (Supplementary Material, Table S1 ).
Western blot analysis
For western blotting, the tissues were first homogenized using lysis buffer (0.25 M Tris -HCl, pH 7.8, plus 0.1% NP-40). Cellular debris was removed by centrifugation for 10 min. Protein concentrations were determined by the Bradford assay kit (Pierce). Twenty micrograms of lysates were separated on 10% sodium dodecyl sulfate -polyacrylamide gel electrophoresis gels and transferred to PVDF membranes (Hybond-P, Amersham) using a Mini Trans-Blot transfer cell (Bio-Rad). Membranes were blocked for 1 h in the Tris-buffered saline containing 5% skim milk and 0.05% Tween 100, and incubated at 48C overnight with anti-PEG3 or anti-USP29 antibodies (34) . These blots were incubated for an additional 1 h with the secondary antibody linked to horseradish peroxidase (Sigma). The blots were developed using a western blot detection system according to the manufacturer's protocol (Intron Biotech).
